Abstract The adsorption and desorption behaviors of 17a-ethinylestradiol on various sludges derived from different treatment units of a sewage treatment plant were investigated using batch equilibration experiments. The results showed that adsorption process could be well described by pseudo-second-order kinetic model and fast adsorption played a main role. Adsorption ability varied as the order of aerobic sludge & anoxic sludge & primary sludge [ sludge cake [ anaerobic sludge. Adsorption/ desorption isotherms were well fitted by the modified Freundlich model, and K 0 f values increased with the organic matter content. Thermodynamic analysis indicated that 17a-ethinylestradiol adsorption/desorption was exothermic and conducted spontaneously. After heat treatment for removing the organic carbon, K 0 f values decreased by more than 78%, but organic carbon normalized adsorption constant was 7.76-29.51 mg/g. The 17a-ethinylestradiol adsorption capacity was found to decrease from 0.95-1.39 to 0.44-0.49 mg/g with sludge concentration increasing from 500 to 4,000 mg/L, being almost unchanged at pH 3-10 and sharply decreasing with pH [ 10. The adsorption capacity was also found to fluctuate in the range of 2.0-3.0 mg/g when Ca 2? concentration was \0.5 mol/L and increased rapidly above 0.5 mol/L. Addition of methanol and acetonitrile could improve 17a-ethinylestradiol desorption effect, which increased with the content of organic solvents, and the desorption degree of acetonitrile was higher than methanol.
Introduction 17a-Ethinylestradiol (EE 2 ), which is a synthetic estrogen used primarily in contraceptive pills and hormone replacement therapy, is released into the water environment through two ways: one is in domestic sewage excreted by humans and mammals mainly through their urine in the form of conjugated glucuronide or sulfate complexes (Tyler et al. 1998; Panter et al. 1999) ; the other is in industrial wastewater mainly from some pharmaceutical companies (Cui et al. 2006) . EE 2 has an extensive distribution in aquatic environments (Chang et al. 2003; Cargouet et al. 2004 ). Previous surveys indicated that EE 2 was normally present in the lower ng/L in wastewater treatment plant (WWTP) effluents, ranging from 0.5 to 10 ng/L (Ternes et al. 1999 ). However, the EE 2 maximum levels in domestic wastewater was 7 ng/L (Cargouet et al. 2004; Ifelebuegu 2011) , which meant that EE 2 could be separated from conjugated glucuronide or sulfate complexes by the function of microorganisms (Panter et al. 1999 ). In addition, EE 2 concentration in river water ranged from below the detection limit to 4.09 ng/L with a maximum concentration of 48.8 ng/L (Chang et al. 2003; Zhang et al. 2011) .
Although EE 2 concentration is low (at ng/L level), it is considered to be the main contributor to estrogenicity in environmental samples and causes a wide variety of effects on the ecological system (Thomas et al. 2001; Johnson and Williams 2004) . It can misregulate or interfere with normal biological responses by binding to the estrogen receptor and stimulating the growth of human breast cancer cells (Soto et al. 1991) (Kwak et al. 2001) . It was reported that a 0.1 ng/L level of EE 2 was able to induce the expression of vitellogenin in fish, 0.1-15 ng/L could affect the sex differentiation, and long exposure to 5 ng/L might lead to significant reduction in fish fecundity (Nash et al. 2004; Fent et al. 2006) .
In sewage treatment plants (STPs), estrogen compounds can be removed by three major mechanisms such as volatilization, biodegradation and adsorption (Khanal et al. 2006) . However, for EE 2 , its low vapor pressure (3 9 10 -7 Pa) determines its poor volatilization during the treatment process (Feng et al. 2010) , while its structure also determines its difficulty to be biodegraded in normal biological treatment processes (Kanda and Churchley 2008) . The relatively high octanol-water partition coefficient (logK OW = 3.6-3.8) of EE 2 also makes it very easy to adsorb to the sludge (Feng et al. 2010; Ifelebuegu et al. 2010) . Therefore, adsorption is the only main removal mechanism of EE 2 in STPs. Previous studies also confirmed that EE 2 was strongly adsorbed onto the activated sludge particles in municipal wastewater treatment plants (Andersen et al. 2005; Cirja et al. 2007 ). Ren et al. (2007) investigated the thermodynamics of EE 2 adsorption onto activated sludge biomass and determined that EE 2 adsorption was an exothermic process. Clara et al. (2004) found that the EE 2 adsorption behaviors on both activated and inactivated sludge were affected by pH value. Xu et al. (2008) compared the adsorption characteristics of EE 2 on the membrane bioreactor (MBR) and sequencing batch reactor (SBR) sludge and determined the thermodynamic parameters and adsorption mechanism. However, no information about the adsorption and desorption characteristics of EE 2 on the different sources of sludge from an STP has been found in previous studies.
The overall objective of the present study was to compare the adsorption and desorption characteristics of EE 2 on various sludges derived from different treatment units. The adsorption and desorption kinetics and isotherms of EE 2 on various sludges were obtained. In addition, how the operational parameters, including sludge concentration, pH value and ionic strength, affect the adsorption process and how the co-solvent influences the desorption process were also evaluated. The results of this study provide a better understanding of environmental behaviors of EE 2 in STPs and contribute to risk assessment and fate modeling of EE 2 in urban water.
The experiments for this study were conducted from September to December 2009, and at the Laboratory of Harbin Institute of Technology, located in Harbin, Heilongjiang Province, China.
Materials and methods

Reagents and chemicals
The compound EE 2 purchased from Sigma, China was chromatographically pure ([99%). The chemical structure and physico-chemical properties have been described in a previous study (Feng et al. 2010 ) and the detailed information is also listed in Table 1 . EE 2 has relatively high logarithmic value of octanol-water partitioning coefficient (3.6-3.8), and relatively low solubility in water (4.8 mg/L at 25°C). Co-solvent, such as methanol or acetone, was not used to avoid the influence on EE 2 adsorption. The EE 2 solution was prepared by dissolving EE 2 solid in deionized water for 2 days and filtering the solid with 0.45 lm polytetrafluoroethylene (PTFE) membranes before use. The actual EE 2 concentration was determined by HPLC. All other chemicals and solvents (such as methanol, acetonitrile, HCl, NaOH and CaCl 2 ) were of analytical reagent grade or better. High-purity water was produced using a MilliQ Plus system (Millipore, USA).
Sorbents-sludge
The sludge was taken from Taiping wastewater treatment plant which operated at an anoxic/aerobic mode and mainly treated civil domestic wastewater from the Harbin urban area. Five kinds of sludge, primary sludge (PS), anaerobic sludge (AnaS), anoxic sludge (AnoS), aerobic sludge (AS) and sludge cake (CS), were sampled and stored in glass containers and then transported to the laboratory in 2 h. The sludge was first washed with fresh water for three to four times and centrifuged at 4,000 rpm for 20 min to remove water-soluble constituents and then freeze dried, followed by homogenization and sieving with a 100-mesh screen.
The organic carbon content of the sludge samples was determined using a TOC analyzer (Shimadzu, SSM-5000A). In addition to the raw sludge samples, a portion of each sludge sample was combusted for 24 h at 375 and 600°C under air in a muffle furnace. The remaining organic carbon content on 375°C heat-treated sludge was termed as black carbon, while 600°C heat-treated sludge contained almost no organic carbon (OC \ 0.3%). EE 2 adsorption and desorption experiments were conducted on both the raw and 375°C heat-treated sludge.
Adsorption/desorption experiments
Adsorption/desorption kinetic study For the adsorption kinetic test, 0.1 g of dry sludge was added to each of five 250-mL conical flasks containing 200 mL of solution having 2.32 mg/L of EE 2 . Sodium azide of 0.02% was added (w/w) to inhibit bacterial growth (Xu et al. 2008 ). The sludge mixture was kept in an orbital shaker and rotated at 150 rpm for 45 h at room temperature of 25°C; 1 mL of the sample was collected from the flasks at the predetermined time intervals of 0. 08, 0.17, 0.33, 0.67, 1, 2, 4, 8, 21 and 45 h. The collected samples were filtered with 0.45 lm PTFE membranes and analyzed by HPLC. For desorption kinetics of EE 2 on various sludges, when the system (containing 0.2 g various sludge) reached adsorption equilibrium, it was centrifuged for 20 min at 4,000 rpm and the supernatant liquid was decanted. Then, 200 mL of distilled water including NaN 3 was added for the study of the desorption process of EE 2 on sludge at 150 rpm and 25°C; 1 mL of samples were taken at the time intervals of 0. 25, 0.5, 0.75, 1, 2, 4, 6, 8, 20 and 32 h, and treated as above to analyze EE 2 in the aqueous phase.
Adsorption/desorption equilibrium studies
Adsorption/desorption equilibrium studies were conducted for all raw and heat-treated sludge in 100-mL conical flasks, containing 40 mL of liquor with different EE 2 content and 40 mg of sludge. Initial EE 2 concentrations of 2.80, 2.52, 2.24, 1.68, 1.40, 1.12, 0.56 and 0.28 mg/L were set. The flasks were sealed with rubber plug and shaken on the rotary shaker (125 rpm) at 25°C in the dark. After reaching adsorption equilibrium, 1-mL samples were collected and treated as above. A control experiment without sludge was also simultaneously conducted. It was found that the total loss of EE 2 from photochemical degradation, volatilization and adsorption to the bottle glass was less than 5% of the EE 2 added.
For desorption equilibrium studies, when the system reached adsorption equilibrium, the mixtures were centrifuged for 20 min at 4,000 rpm. Then, 25 mL of supernatants was withdrawn from the flask and compensated with the same volume of fresh blank liquor. The flasks were placed on the shaker for 24 h at 25°C to re-equilibrate the system. Finally, the collected samples were treated and analyzed as described above.
Effect of sludge concentration on EE 2 adsorption
The sludge concentration was adjusted to 500, 1,000, 1,500, 2,000, 2,500, 3,000 and 4,000 mg/L by adding different masses of the five raw sludges in 40 mL of EE 2 solution. The initial EE 2 concentration was set as 2.80 mg/ L. Experimental conditions were modulated for the equilibration process including temperature 25°C, rotating speed 150 rpm and equilibrium duration 24 h.
Effect of pH and ion strength on EE 2 adsorption
The initial pH of the mixture solution contained EE 2 and sludge mixtures were adjusted to 3.1, 6.9, 10.1, 10.5, 11.0, 11.5 and 12.0 with 0.5 mol/L HCl or NaOH to study the effect of pH on EE 2 adsorption. For the ion strength effect study, CaCl 2 was chosen to adjust ion strength to 0.001, 0.01, 0.1, 0.2, 0.5, 0.8 and 1 mol/L. The adsorption isotherms of EE 2 at different pH and ion strengths were obtained according to the similar procedure as described above.
Effect of co-solvents on EE 2 desorption
Methanol and acetonitrile were selected as organic solvents to study the desorption process of EE 2 . The initial EE 2 concentration was set as 2.80 mg/L and sludge concentration to 2,000 mg/L. After equilibrium, the blank liquor with different ratio of organic solvent was used as desorption solution to evaluate the desorption effect. The organic solvent content (v/v) was set as 1, 2.5, 5, 7.5, 10, 15, 20, 25, 30 and 50%. After re-equilibrating for 24 h, the samples were collected and treated as above.
EE 2 content detection
The EE 2 concentration in the liquid phase was determined by HPLC (SPD-10A VP, SHIMADZU) equipped with an Extend-C 18 reversed-phase column (250 9 4.6 mm, particle size 5 lm) and a fluorescence detector (HP 1064A) (Feng et al. 2010 ). The mobile phase was acetonitrile/ 10 mM phosphoric (50:50, v/v) and the flow rate was 1.0 mL/min. The temperature of the column was 40°C. An excitation wavelength of 229 nm and emission wavelength of 309 nm were used for fluorescence detection.
Data analysis
The EE 2 adsorbed on the sludge (Q t ) at any time t is calculated with the following mass balance equation:
where Q t is the EE 2 adsorbed by sludge, mg/g; C t and C 0 (mg/L) are the initial and the water-phase concentration of EE 2 , respectively, at any time t; M, the sludge mass introduced in each flask, g; V, the volume of the water phase.
The EE 2 adsorption/desorption equilibrium data were fitted by the revised Freundlich equation shown in Eq. 2 proposed by Carmo et al. (2000) .
where Q e and C e are the equilibrium of solid-phase and aqueous-phase EE 2 concentrations (expressed as mg/g and mg/L); K 0 f , the revised Freundlich capacity parameter; n, the site energy linearity factor; S W , the aqueous EE 2 solubility (mg/L), is constant at any given condition.
Considering the organic matter on the sludge, the organic carbon normalized adsorption/desorption constant, K OC , could be calculated as
where f OC is the organic carbon content of sludge (%). The change in the distribution molar free energy in the adsorption/desorption process can be calculated from the thermodynamic relationship,
where DG°is the free energy change (kJ/mole); R is the gas constant (8.314 J/K mole); T is the absolute temperature (K). The hysteresis index (HI) for the adsorption-desorption isotherms was calculated with the formula (Pusino et al. 2004) .
where n des and n ads are the Freundlich exponents of the desorption and adsorption isotherms, respectively.
Results and discussions
Adsorption/desorption kinetics Adsorption/desorption kinetics studies were carried out to determine the uptake and desorption capacity of EE 2 on the various sludges and access the equilibrium time. Figure 1a shows the variations of EE 2 adsorbed onto various sludges which increased with contact time. It could be seen that the EE 2 adsorption exhibited two distinct stages, a very rapid adsorption within 1 h followed by a slow adsorption. More than 80% of EE 2 was adsorbed on various sludges in the first 1 h. It can be inferred that the contribution of rapid adsorption was more significant as compared to slow adsorption. The rapid initial adsorption of EE 2 may be explained by the hydrophobic nature of EE 2 , and suggested that the chemical partition domain in the sludge was more dominant than the hole-filling domain (Pignatello and Xing 1996) . The adsorbed EE 2 was almost unchanged after 4 h, which indicated that adsorption equilibrium was achieved in all the sludge mixtures. The equilibrium adsorption amount of EE 2 on the sludge was in the range of 0.79-1.12 mg/g. Figure 1b shows that the EE 2 adsorbed amount on various sludges decreased with contact time. The desorption process also contained a quick and slow desorption. In the first 15 min, more than 55% of the equilibrium-adsorbed EE 2 was desorbed from the various sludges; the desorption reached equilibrium after 4 h. The equilibrium-desorbed amount of EE 2 from various sludges was in the range of 0.39-0.49 mg/g.
The adsorption/desorption data of EE 2 on five raw sludges were fitted by the pseudo-second-order kinetic model as expressed in Eq. 6,
where k 2 is the pseudo-second-order kinetic rate constant (g mg -1 min ); q t , the adsorbed EE 2 on sludge at time t (mg/g); q e , the equilibrium-adsorbed amount of EE 2 on sludge (mg/g).
The half adsorption/desorption time (t 1/2 ) and the initial adsorption/desorption rate (h) (Feng et al. 2010) were calculated with the following equations,
The corresponding kinetic parameters of EE 2 adsorption and desorption onto various sludges are listed in Table 2 . It could be seen that the pseudo-second-order kinetics fitted the data well (all R 2 [ 0.99). The adsorption rate constants were in the range of 0.0636-0.1720 g/(mg.min), and the order of k 2 for various sludges were:
The half adsorption time (t 1/2 ) and the initial adsorption rate (h) of various sludges were in the range of 7.32-16.42 min and 0.058-0.113 mg/(g min), respectively. Moreover, the desorption rate constants were in the range of 0.144-1.545 g/(mg.min), and the order of k 2 for various sludges were:
The half desorption time (t 1/2 ) and the initial desorption rate (h) of various sludges were in the range of 1.36-17.93 min and 0.022-0.349 mg/(g min).
It has been well documented that the overall adsorption rate in sludge was determined by the rate of boundary layer diffusion, intraparticle diffusion and adsorption on active sites (Leyva-Ramos et al. 2007) . The boundary layer diffusion depended on several parameters, such as the solution concentration, the agitation velocity and the external surface area of the sludge, which was mainly controlled by the particle size, shape and density of the sludge. The intraparticle diffusion rate was related to the intraparticle diffusivity, the particle radius and the equilibrium EE 2 concentration on the sludge. Greater particle size of sludge generally caused higher intraparticle diffusion resistance in the adsorption process (Kannan and Sundaram 2001) . The adsorption rate at an active site was instantaneous. Therefore, the boundary layer and intraparticle diffusion were the rate-controlling steps, which were mainly related to the sludge characteristics. Aerobic sludge had smaller particular size and larger EE 2 adsorption amount than the other sludge.
Adsorption/desorption isotherms
To compare the adsorption characteristics of EE 2 on different sludges, the revised Freundlich equations, in which the modified Freundlich coefficients (K 0 f ;A ) had units that were independent of the values of n, were used to model the EE 2 adsorption. The model parameters presented in Table 2 indicate that all the adsorption isotherms of EE 2 on five types of sludge are well fitted by the revised Freundlich equation. The adsorbed capacity (K 0 f ;A ) of various sludges was in the range of 1.98-2.68 mg/g, and the order was:
Previous study showed that K f value of BPA adsorption increased from 0.0072 to 0.0178 mg 1-n L n g -1 with the soil organic carbon content increasing from 2.06 to 6.29% (Zeng et al. 0.913). In addition, the isotherms were almost linear for all raw sludge with slopes (n) & 1, resembling the C-type curves performed, which indicated that adsorption was mainly a partitioning mechanism between sludge organic matter and solution (Flores et al. 2009 ). The order of n value was:
The higher the n value, the less heterogeneous is the adsorption site energy distribution (Ran et al. 2007 ). Desorption isotherms of five raw sludges also followed revised The order of n value was:
AnaS, which was all very close to one and had very similar phenomenon with the adsorption process.
Adsorption-desorption hysteresis
The HI value can be used to describe the hysteresis effect. Generally, a value of HI close to one indicates that desorption occurs as quickly as adsorption does, and hysteresis is absent; a value of HI \ 1 means that the rate of desorption is lower than that of adsorption and hysteresis occurs (Pusino et al. 2004 ). From Table 3 , the HI values of all raw and heat-treated sludge were in the range of 0.59-1.59, which indicated that the hysteresis degrees of EE 2 on various sludges were different. The highest hysteresis effect was observed in 600°C-treated primary sludge, which had a low adsorption capacity. The HI values of other sludges were all above 0.92, which indicated that the hysteresis effect was insignificant and there were less chemical bonds or high-energy binding sites between EE 2 molecule and sludge. Therefore, it can be predicted that EE 2 will both exist in sludge and water in the case of accidental spills, and sludge should be treated in depth to avoid the release of EE 2 into the environment. Moreover, the characteristics and components of sludge can significantly influence the mobility and transport of EE 2 in the sewage.
Effect of organic matter on EE 2 adsorption and desorption
The organic carbon of the sludge can profoundly affect the adsorption of organic pollutants. As shown in Table 4 , after heat treatment, the organic carbon of various sludges decreased evidently and the adsorption isotherms of treated f ;A value decreased with the organic carbon (OC) content, and the adsorption capacity of 600°C-treated sludge was only 2.3-4.9% (21.8% for anoxic sludge) of the raw sludge, which indicated that organic carbon of sludge was vital for EE 2 adsorption. After treating at 375°C, the sludge contained only the black carbon (BC), and K 0 f ;A value increased with the increase of the black carbon content of sludge (K 0 f ;A = 0.381OC-1.222, R 2 = 0.922), which meant that EE 2 adsorption capacity had a positive relationship with the black carbon content. Moreover, EE 2 adsorption capacities of 375°C-treated sludge were largely reduced: K 0 f ;A value ranged from 0.261 to 0.663 mg/g (3.431 for anoxic sludge), which was only 13.2-28.2% of the raw sludge. The f BC /f OC ratios were in the range of 0.08-0.25, which indicated that most of the organic materials in the raw sludge were amorphous organic matter, whose adsorption capacity was lower than that of black carbon. The influence of organic carbon on the K OC,D and Gibbs free energy change of the desorption process are shown in Table 4 . K OC,D was larger than the corresponding K OC,A . For 375°C-treated sludge (except for anoxic sludge), K OC,D values decreased with the increase of black carbon content of sludge (K 0 OC;D = -4.371OC ? 46.382, R 2 = 0.999), which meant that EE 2 desorption capacity had a negative relationship with the black carbon content.
The DG°of adsorption and desorption process are listed in Table 3 . The magnitude of DG°is used to measure the extent of the reaction driving force. The greater the absolute magnitude of DG°value, the greater is the extent of EE 2 adsorption was (Krishna and Philip 2008) . The small negative value of free energy change indicated that the adsorption process of EE 2 on various sludges was self-motion and the EE 2 molecule was inclined to transport from the solution to the sludge surface. It may also be inferred that adsorption is a physical process involving weak forces of attraction, such as van der Waals force, dipole attraction, etc. Moreover, the negative DG°values represented that EE 2 adsorption was exothermic and decreased with increase in temperature. The DG°of desorption was similar to the adsorption process, which indicated that desorption was also conducted spontaneously.
Effect of sludge concentration on EE 2 adsorption Figure 2 shows that the adsorbed EE 2 on various sludges decreases from 0.95-1.39 mg/g to 0.44-0.49 mg/g with increase in sludge concentration from 500 to 4,000 mg/L. The reduction of adsorbed EE 2 was above 53%. The average EE 2 adsorption amount (Q EE2 ) of the five different sludges had a linear relationship with Ln(C sludge ), as in the equation of Q EE2 = -0.3499Ln(C sludge ) ? 3.3556, R 2 = 0.9992. However, the EE 2 removal efficiency increased A similar phenomenon was observed in Zn (II) adsorption to Chinese loess, and the adsorption amount decreased from 69 to 18 mg/g with the increase in soil concentration from 2 to 10 g/L (Tang et al. 2009 ). With increase in sludge concentration, the hydrolysis radius of sludge particles became less due to chemical interactions, such as flocculation and the overlap of the hydrolysis layers between colloid particles, which led to the reduction of effective adsorption sites for the same amount of sludge and decreased the unit adsorption capacity. However, the higher the sludge concentration, the more the absolute amount of effective adsorption sites was, and so the removal efficiency was still relatively much higher.
Effect of pH and ion strength on EE 2 adsorption Adsorption isotherms of EE 2 on activated sludge at seven different pH values are shown in Fig. 3a . It showed that the EE 2 adsorption on sludge was almost unchanged at pH value of 3-10.1 and was maintained in the range of 2.3-2.7 mg/g. However, the adsorbed amount of EE 2 decreased rapidly when the pH value increased over 10. We could see that the adsorbed value was 0.318 mg/g at pH 12.0, which was only 12.4% of that at pH 10.1.
The surface charge of sludge is mainly negative in the pH range of 3.0-10.0 (Feng et al. 2010) . When the pH value was below 10, EE 2 mainly existed in the molecular form because pK a of EE 2 molecule at 25°C was 10.5 and prone to adsorb on sludge by electrostatic interaction. The hydrogen binding between the hydroxyl group of EE 2 and the functional groups on the sludge surface such as carboxylic group might play a major role in EE 2 adsorption. With increase in the solution pH value (above 10), the sludge surface takes a more negative charge, and the concentration of the anionic form of EE 2 increases accordingly and that of non-ionized EE 2 will be less. Due to the electrostatic repulsion between anionic EE 2 and negatively charged sludge surface, the anionic form of EE 2 appeared to adsorb less than the non-ionized form (Gupta et al. 2006) . Moreover, with increase in pH value, more OH -ions would exist in the solution and compete with the EE 2 molecules for adsorption sites. The combination effects resulted in low EE 2 adsorption at higher pH value. The effect of ion strength on EE 2 adsorption capacity of activated sludge is shown in Fig. 3b . Two distinct stages of adsorption are exhibited with increase in Ca 2? concentration. When Ca 2? concentration was\0.5 mol/L, it changed little and fluctuated in the range of 2.0-3.0 mg/g, while with Ca 2? concentration [0.5 mol/L, it increased rapidly and reached 7.6 mg/g at the Ca 2? concentration of 1.0 mol/L. This phenomenon might be attributed to several reasons such as screening the negative charge of sludge surface, formatting neutral ion pairs, decreasing EE 2 solubility by the salting out effect and inhibiting EE 2 molecular release (Sun et al. 2008) . Moreover, the solution pH decreased with increase in Ca 2? concentration due to the exchange of H ? by Ca 2? on the sludge surface, which also benefited the EE 2 adsorption.
Effect of solvents on EE 2 desorption
The hydrophilic methanol and acetonitrile were selected to investigate the influence of organic solvents on the desorption capacity of EE 2 from sludge by varying the volume content of 0-50% in the eluent. As shown in Fig. 4 , distilled water could desorb 41.2% of adsorbed EE 2 from sludge, where the equilibrium adsorption capacity was 0.45 mg/g. As expected, addition of organic solvents improved the desorption effect. In the case of methanol, the residual EE 2 on the sludge decreased from 0.265 to 0.053 mg/g with increase of methanol content (0-50%), while EE 2 in aqueous phase increased from 0.371 to 0.794 mg/L. The 50% methanol eluent desorbed 88.2% of adsorbed EE 2 , which was 2.14 times that with distilled water as eluent. For the acetonitrile case, the residual EE 2 on sludge decreased from 0.265 to 0.012 mg/g, and EE 2 in aqueous phase increased from 0.371 to 0.875 mg/L. The desorbed percentage was 97.2% and 2.36 times of that in distilled water. By comparison, when EE 2 was evaluated on sludge or sediment, the desorption degree of acetonitrile eluent was higher than that of methanol, which meant that acetonitrile was a better choice. Moreover, when the volume content of the two organic solvents was above 30%, the adsorbed EE 2 varied slightly and steadily on the whole. EE 2 adsorption, which was related to the EE 2 aqueous concentration and the organic matter content of the sludge, depended on the EE 2 solubility in the liquid. Previous studies had shown that the adsorption of hydrophobic organic compounds decreased with the solubility of the contaminant in the liquid in a log-linear fashion (Khodadoust et al. 1999) . With the increase in the co-solvent content, the EE 2 solubility increased and adsorption decreased, which benefited EE 2 desorption. In addition, EE 2 adsorption on sludge was determined by the hydrophobic interactions, where the hydrophobic surface of sorbent (sludge) was in contact with a hydrophobic sorbate (EE 2 ). With the increase of organic cosolvent content, the carbonaceous surface area of sludge decreased and the hydrophobic interactions diminished, which resulted in higher mobility of EE 2 in the absence of hindrance by diffusion through the organic matter. Therefore, a higher fraction of co-solvent in the solution enhanced the desorption of EE 2 .
Conclusion
The adsorption/desorption characteristics of EE 2 on various sludges were studied. The fast adsorption was found playing a main role in the adsorption process. The adsorption rate was in the order of AS & AnaS [ PS [ AnoS & CS. Modified Freudlich model could describe the adsorption isotherms of EE 2 on five sludges. The adsorption capacity ranged from 1.98 to 2.68 mg/g (based on dry sludge) and followed a linear relationship with the organic carbon content in the sludge. After heat treatment for removing the organic carbon from the sludge, the K 0 f value reduced by more than 78%, but organic carbon-normalized adsorption constant increased. Thermodynamic analysis indicated that EE 2 adsorption/desorption was exothermic and happened spontaneously. The HI value was above 0.92 indicating that there was almost no hysteresis effect in desorption.
It was also found that the adsorption capacity of EE 2 on sludge decreased under higher sludge concentration and higher pH value, and increased under higher ionic strength. The organic co-solvent improve the desorption effect, and the desorption degree of acetonitrile eluent was higher than that of methanol. These findings are important to assess the transport and fate of EE 2 and other estrogens in sewage treatment plants. 
